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As the Nation’s principal censewation agency, the Department

of the Interior has basic responsibilities for water, fish, wildlife,

mineral, land, park, and recreational resources. Indian Territorial

affairs are other major concerns of America’s “Department of

Natural Resources”.

The Department works to assure the wisest choice in managing

all our resources so each will make its full contribution to a better

United States–now and in the future.

FOREWORD

This is one of a continuing series of reports designed to present

accounts of progress in saline water conversion and the economics of

its application. Such data ore expected to contribute to the long-range

development of economical processesapplicable to low-cost demineraliza-

tion of seo and other saline water.

Except for minor editing, the data herein are as contained in a report

submitted by the contractor. The data and conclusions given in the report

are essentially those of the contractor and are not necessarily endorsed by

the Department of the Interior.
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SUMMARY

The flow work exchanger is a piston-and-cylinder arrangement whereby

high-pressure brine discharging from the reverse osmosis desalination process is

used to pressurize a portion of the feed stream to the process. Two cylinders are

used in the device to achieve a nearly-steady output despite cyclical operation of

each individual cylinder. Two low-pressure-rise pumps are required to make up for

friction losses, one in the high-pressure brine and the other in the feed stream. Over-

all efficiency of the device exceeds 92’%0in the 9-to-18 gpm range at system pressures

atmve 1000 psig.

Prototype development was reported by Cheng and Fan in O. S. W. Report

No. 357, August 1968. Their program resulted in the construction of two work

exchangers, one employing piston-type accumulators and the other employing bladder-

type accumulators as the pressure exchange cylinders.

(1)

(2)

(3)

(4)

(5j

The objectives of the program

Measure the performance

work exchange ,units.

described in this report were as follows:

of the piston and the bladder-type flow

Modify the two units to improve their start-up and operating chara-

cteristics and to improve the instrumentation.

Design an automatic control for synchronizing the piston or bladder

movement to insure continuous output of high-pressure feed flow.

Complete a cost-effective analysis for the two types of work

exchanger units to determine the engineering and economic limi-

tations for scale-up of the work exchanger concept.

Select one of the two units for extended operation with an automatic

control system.



(6) Build the automatic control system and test it on one

of the work exchangers to demonstrate satisfactory

operation of the automatically controlled work exchanger.

(7) Obtain component reliability information.

The piston and bladder type flow work exchangers were tested with fresh water

at pressures up to 1500 psi and flow rates up to 20 gallons per minute. The efficiencies

previously reported were verified by Dynatech’s testing. Medifications were installed

ta improve unit operation and performance measurement. The modifications included

improved instrumentation, pulsation-damping accumulators, corrosion-resistant check

valves, and improved air bleeding systems.

The cost effective analysis revealed that work exchanger units can be built

in sizes up to 600, 000 gpd of fresh water output in a reverse osmosis plant with a

35% recovery factor. Larger capacities can be achieved by using units in parallel.

Efficiencies of 90% to 95% are readily attained if losses in piping between the work

exchanger and the membrane array are small. This report includes charts showing

the efficiency and capital cost of work exchangers as a function of flow capacity and

pressure level.

An automatic control was designed and constructed to automatically regulate

the work exchanger operation so that an uninterrupted flow of high-pressure saline

water will be delivered by the work exchanger despite variations in the flow rate

of high-pressure brine discharged from the reverse osmosis process. The control

system employs” flow switches to detect the end of the stroke in the high-pressure

side of the work exchanger cylinders. The controls then act to switch the brine inflow

to the other side of the work exchanger in order to continue the work exchange process

without interruption. The control system is made up of standard components.

The automatic control and piston type work exchanger components were

operated satisfactorily for 619 hours (60, 000 cycles) on fresh water at a pressure of

800 psig and flow rate of 8 gpm. The automatic control operated as expected to provide the

proper valve switching functions. The accumulator walls and piston seals are the

most critical components as shown by the amount of wear and deterioration experi-

enced in the test program. The check valves, 4-way valve snd system pumps operated

without malfunctions.
x



Section 1

INTRODUCTION

In a study completed in 1968 for the Office of Saline Water (Contract No.

14-01-0001-1166), Professors C. Y. Cheng and L. T. Fan of Kansas State Univeri~

demonstrated the feasibility of their flow work exchanger concept for use in the reverse

osmosis desalination program. The flow work exchanger concept employs two displace-

ment vessels as shown in Figure B-1 of Appendix B to simultaneously pressurize the feed

stream while recovering energy from the high-pressure brine discharged by the process.

The pressurized feed is pushed into the reverse osmosis system by the high-pressure

brine in one displacement vessel at the same time that the depressurized brine is pushed

out of the second displacemmt

izing of the two vessels allows

through the machine.

vessel by the low pressure feed stream. Proper synchron-

iessentially constant flow of feed water and rejected brine

The flow work exchanger itself neither requires nor delivers shaft work;

energy is transferred directly fmm one fluid stream to another through a membrane

or free piston. However, the work exchanger in its present form requires two aux-

iliary pumps which otherwise wcdd not be needed in the reverse osmosis system.

One pump boosts the pressure of the feed stream by the small amount needed to push

the depressurimd brine out of a vessel against atmospheric pressure. The second

pump boosts the pressure of the reject brine by the amount needed to enable it to

push the feed stream into the membrane array. This pressure rise must overcome

brine-side pressure losses in

pipe friction losses.

The first pump is a

the membrane system as well as smaller valve and

very conventional one; it operates near ambient pressure

levels and is required to produce only a small head rise. The second pump also has to

produce only a small head rise, but it must operate at a high average pressure level,

e. g., 1500 psi. Submersible pumps, canned pumps, or magnetic drive pumps are re-

quired for this application. The submersible pump and its pressure enclosure was

responsible for about 1/4 of the cost of the Kansas tite test units.



Two different flow work exchangers were constructed and operated at

Kansas State. Both units operated at the 1500 psi pressure level. The smaller unit

delivered 9 gpm and used floating-piston displacement vessels. The larger unit deli-

vered 18 gpm and used bladder-~pe displacement vessels. The c obstruction of both

units has been described in O. S. W. Research and Development Progress Report No.

357 published in August, 1968.

At the ccmclusion of this report, Professors Cheng and Fan made a number

of suggestions for improving the c obstruction of future units. These suggestions are

summarized below:

● For the floating-piston type vessels, the provisions must be

added to allow venting of air trapped beneath the piston

when the machine is being started up.

● For the bladder-lype vessels, bladders equal in capacity

to the vessel volume must be provided in order to avoid

pressure tranisents caused by elastic stretching of the

bladder.

● Improved check valves with lower pressure drop and in-

creased corrosion resistance should be provided.

● The high pressure booster pump must develop extra head

to compensate for brine-side pressure drop in the mem-

brane system. The present test units do not encounter

such a pressure drop.

● An accumulator must be added to the high pressure lines

to reduce water hammer accompanying valve actuation.

● Automatic controls must be added to synchronize the

motion of the pistons or bladders in the two displacement

vessels. Otherwise, the pressurized fe~ flow will not

be steady.

2



The two prototype work exchanger units were shipped to Dynatech for im-

plementation of these recommendations and for a period of reliability testing. Dynatech’s

program of work with these units was divided into two phases as follows:

Phase 1: Evaluation of rierformance and desire of automatic controls.- A–-

Phase 2: Procurement, installation, and test of automatic controls.

This final report presents the results of both phases. The next section lists the

objectives of this program.

specific



Section 2 ,.

,,
PROGRAM OBJECTIVES AND TASKS

The objective of the first phase of this program was to test, evaluate, and com-

pare two different types of flow work exchanger devices for efficient recovery of the energy

in the high pressure brine discharging from a reverse osmosis desalination plant. me two

types of devices use as pressure vessels eitk% hvo piston type accumulators or two bladder

type accumulators. The specific tasks accomplished in the first phase of this project were

the following:

1.

2.

3.

4.

5.

Install, check out, and test the two existing flow work

exchanger laboratory models built by Kansas State

University for OSW.

Modifications were made as necessary to improve

the system operation and to improve the instru-

mentation used to measure work exchanger

performance.

The two modified flow work exchanger test units were

retested to obtain performance measurements and

to reveal potential operating problems.

Various alternative techniques for automatic control

of the flow work exchangers were analyzed and compared

to select the best control system for recommendation to

Osw.

A cost-effective analysis was carried out to compare the

two types of flow work exchanger systems and to determine

which type of system was the best for use in a reverse

osmosis process. The cost-effective analysis considered

capital cost of equipment, its efficiency, its reliability of

operation, and its scale-up potential.

4



The objective of the second phase of this program was to construct an

automatic control system and operate one of the work exchangers with the automatic

eontml t6 demonstrate control performance and system reliability. The specific

tasks accomplished in the second phase of this project were the following:

1. The selected automatic control system was purchased

and installed on the piston type flow work exchanger

system.

2. The work exchanger was operated for 619 hours to

demonstrate performance of the control system and

to establish that the unit is operable with the control

system designed for it.



Section 3

FLOW WORK EXCHANGER PERFORMANCE EQUATIONS

Derivations of the performance equations for the flow work exchanger

are contained in Appendix A. There, the various elements of loss are listed and

discussed and a comparison is made to the performance equations developed in

Reference 1.

From Appendix A, the efficiency of the flow work exchanger is cal-

culated from Equation (A-2) given below

Wl+wh+-wc+wa
q=l.

w. (3-1)
1

For calculation of flow work exchanger efficiency from test data, the following

assumptions are made:

1. Measured values of flow rate are used. This procedure

automatically includes the effect of leakage losses in the

laboratory system. (See Section A. 3. )

2. Measured values of pressure drop are used together with

estimated pump and motor efficiencies to calculate the low

and high pressure pump input power values. Since unneces-

sarily large control throttling losses are incorporated into

the laboratory models, direct measurement of pump input

power gives values that are significantly larger than those

required in actual plant systems.

3. The power required by the pumps during transient operation

is assumed to be equal to the pump power input at the normal

operating condition. In reality, the transient input power may

be slightly smaller.

With these assumptions, the equations to be used for calculation of the power terms

in Equation (3-1) are the following:

6



w = (ph . PI) (Qh)(o.321)i

(Aph)Qh (O 321)

‘h =
~Ph

l?m “

(3-2)

(3-3)

(3-4)

The term Wc represents the power input to the system controls. For

the test units, power is needed to run the electric timer and the air solenoid

w= Timer Power I- Solenoid Power
c 2 (3-5)

The term Wa represents the power input to the plant air supply to provide high

pressure air for pneumatic actuation of control valves. This power input is cal-

culated for the test units from the following

Wa = m ‘h (778)
% ‘m

equation:

(3-6)

The air is supplied from a receiver tank which is periodically recharged by a

compressor. The efficiency values used should be typical values achieved by

small plant air supplies.



Section 4

TEST PROGFL4M ON TWO PROTOTYPE FLOW WORK EXCHANGERS

4.1 Work Exchanger Confiwrations and Modifications

Two basic configurations of the flow work exchanger system were tested

in severai forms in this test program. The two systems were similar except for

the type of energy exchange pressure vessel used: bladder type or piston type

accumulators. A complete description of the two original configurations built by

Kansas State University is presented in Reference 1. This reference includes

pictures, system schematics , and equipment specifications. The original con-

figuration for each type of work exchanger tested in the present program is the

same configuration snd equipment pictured snd described in Reference 1.

Figure 4-1 shows a system schematic of the original configuration for

both types of units. The flow rate of the low pressure feed flow (Fl) and the

high pressure flow (F2) are measured by magnetic follower rotameters. The pres-

sures are measured in five locations using Bourdon tube type gauges. In the

original system the pressure loss on the low pressure side of the system is deter-

mined from the difference between the readings on gauges PI and P2 after correction

for the difference in elevation. No measurement is made of the pressure loss on

the high pressure side of the system. The piston accumulators used are standard

units without modification. The bladder accumulators used as pressure exchange

vessels have been modified to enlarge the port attached to the bladder. The hole

size in the stem of a standard transfer barrier bladder assembly is approximately

0.38 inches in diameter. The bladder assembly was modified by Kansas State

Universi@ by cutting off the standard stem, enlarging the hole to 0.75 inches and

attaching a new flanged stem with screws threaded into the metal piece molded into

the standard bladder. The hole in the pressure vessel was enlarged to accommodate

the enlarged stem outer diameter.

After completion of a series of tests on the original configurations of both

the bladder type snd the piston type work exchangers, both systems were modified

8



and retested. The modifications added to the two units are shown on Figure 4-2.

In addition to the modifications shown on Figure 4-2, an air purging- system was

added to both systems to allow purging of air from below the pistons and bladders.

The piston purge system consisted of a poppet relief valve mounted in the pistin

as shown on Figure 4-3. The relief vslve was set to open when subjected to the

shut-off head of the low pressure pump. It is open during startup of the work

exchanger or when the piston is resting against the end of the accumulator, since there

is only a very small pressure difference across the piston during normal operation.

The bladder purge system is also shown on Figure 4-3. To purge air during

startup, the bladder is first expanded from above to force most of the air out of

the pressure vessel and close the valve. Water is then admitted from below and

the trapped air is bled out through the purge valve. The bladder system is more

difficult to purge of air.

Figure 4-3 shows the typical cross-section of a modified bladder accu-

mulator, a standard piston accumulator, and the three piston configurations tested

in this program.

The modifications of the prototype work exchangers were made for the

following reasons:

1. The differential pressure gauges were added to improve the accuracy

of the pressure loss measurement and to obtain a measurement of the

pressure loss on the high pressure side of the system.

2. The original carbon steel check valves were replaced with brass

check valves to prevent sticking problems.

3. The pulsation damping accumulators were iristalled to reduce the

system pulsations caused by the triplex plunger pump and by pressure

waves causal by the rapid closure of the 4-way control valve.

4. The high pressure gauge (P6) was hst~led to Ob-ve the ste~~-

of the high pressure discharge flow coming from the work exchanger. .

9



Figure4-1
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5. The air purge systems were installed to allow easier removal of air

which is trapped below the pistons snd between the bladder and shell of

the pressure exchange accumulators.

The differential pressure gauges API and APh shown on Figure 4-2 are

5000 psi gauges manufactured by the Mid-west Instrument Company. The scales

are O -25 psid with an accuracy of ~ 0.5 psi. The pulsation damping accumulators

are standard hydropneumatic bladder type accumulators manufactured by the

Greer Olaer Products Company. The sizes are 1 gallon and 2-1-2 gallon capacities

with the larger unit mounted at the pump. Two pictures of the modified piston lype

flow work exchange test unit are shown in Figures 4-4 and 4-5.

4.2 Start-Up and Operation Procedures

The following start-up procedure was used during the test program.

1. When using the modified system, the hydropneumatic accumulators

were charged to 600 psig.

2. The triplex plunger pump was bled of air by rotating the shsft by hsnd

with the pump bleed ports open until all air bubbles stop.

3. The pneumatic air supply is turned on and regulated to 40 psig.

4. The air is bled from the lower part of the work exchanger system.

In the original bladder system, the air was removed by loosening the

nut on the bladder stem and then pumping water into the system with the

low pressure pump. In the original piston system, a tube was inserted ~to

the bottom of the piston accumulator until it touched the bottom of the

piston. The low pressure pump or city water pressure was then usd to

fill the system and force the air out. In the modifiti systems, the devices

shown on Figure 4-3 were used ss described in ~ction 4* 1.

5. The upper part of the system is then filled and pressurized. Air is

bled out through valves, gage connections, and the exhaust line.

11



Figure4-2

ModifiedFlowWorkExchangerTest SystemSchematic
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Figure 4-4

Picture of Modified Piston Flow Work Exchanger
Front View
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Figure 4-5

Picture of Modified Piston Flow Work Exchanger
Side View
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6. Either the high pressure submersible pump or the low pressure pump

is used to move both pistons to the ssme end of the accumulators.

7. The timer is positioned at the beginning of a cycle.

8. The high pressure triplex pump is turned on and set at low pressure

(about 200 psig).

9. The low pressure pump, submersible pump, and timer are turned on

simultaneously.

10. The flow rates of the low pressure snd the high pressure water are

regulated by valves VI, V2, and V3 of Figure 4-1.

The operation of the flow work exchanger is different when operated by

itself as shown in Figure 4-1 than when it is operating as part of a reverse osmosis

system. When operating by itself, the triplex plunger pump is used only to pres-

surize the system up to pressures of 1500 psi. The flow entering the triplex pump

is continually exhausted through the relief valve snd back to the reservoir. Flow

entering the low pressure pump flows into the bottom of one of the accumulators.

When the 4-way valve switches, this fluid is pressurized by the high pressure side

of the system and the flow is forced out of the accumulator through the check valve

and into the suction line of the high pressure submersible pump. This pump

increases the pressure of the fluid enough to make up for piping 10Sses snd the fluid

flows into the top end of one of the accumulators. When the valve switches ~ain

this fluid is discharged through the exhaust line and back to the water reservoir.

A description of the operation of a work exchanger with a reverse osmosis system

is included in Section 1.

The most simple way to synchronize the piston or bladder motion to pro-

vide a cent inuous flow of high pressure fluid is to set the low pressure feed flow to

a larger value of flow rate thsn the high pressure flow. This means that the piston

moves faster on the exhaust stroke thsn on the high pressure stroke and therefore

will eventually operate with the piston reaching the end of the cylinder each cycle

during the exhaust stroke. .men both cylinders ar@ op@rating in this m~nerI the

low pressure feed flow can be reduced to the same value as the high pre~sute flow

16



to minimize the time interval during which the piston is bottomed during the exhaust

stroke. If the level of low pressure flow is slightly larger than the high pressure

flow, the prototype work exchanger will operate for hours or even days at a time

with uninterrupted high pressure flow. Some of the automatic control methods

discussed in Section 5 use this type of operation, The bladder type flow work

exchsnger operates in the same manner.

4.3 Test Program snd Results

A series of tests were completed with both the bladder and piston work

exchahger test units in their original and modified configurations. The tests were

run at a range of flow rates and with system pressures up to 1500 psig. A summary

of the test program is given on Table 4-1.

The data recorded during most of the tests includes the following informa-

tion:

1. Differential pressures API and APh.

2. Pressure gauge readings and pressure fluctuations on gauges PI

through P6 .

3. Flowmeter readings and fluctuations on rotameters F1 and F2.

4. Cycle time.

5. Air supply pressure.

6. Motor current and voltages for the pumps during the test of modifica-

tion 1 on the bladder unit.

The test data is presented in Figures 4-6 and 4-7 in the form of measured

pressure loss and calculated work exchanger efficiency as a function of flow rate.

The pressure losses and efficiencies are presented for one basic bladder unit and

for the piston unit with both cup type pistons and also with standard O-ring pistons.

The performance of the two original configurations was measured first with two

gsuges on the low pressure side of the system (see Figure 4-1) and then with differ-

ential -pressure gauges on both the low pressure and high pressure sides of the

system.
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The differential pressure readings on the. low pressure side of the system

agree well with the values measured by two separate gauges. The differential

pressure loss on the high pressure side of the system is slightly smaller than the

differential pressure loss on the low pressure side of the system due to piping

differences. The standard O-ring piston has a pressure loss of about 3 psi larger

than the cup type piston; but, as shown on Figure 4-7, this small increase in loss

has an insignificant effect on work exchanger efficiency. The original and new cup

type pistons shown on Figure 4-3 were both tested; data for both are included on

Figure 4-6. The inner diameter of the piping on the two systems is approximately

the same. This explains why the pressure 10Ss versus flow rate is almost a con-

tinuous curve between the two systems.

The flow work exchanger efficiencies calculated from the pressure loss

data are shown on Figure 4-7. These efficiencies are calculated by using Eq. (3-1)

and the other relationships presented in %ction 3. Since the pumps mounted on

the test work exchanger systems are oversized in both head and flow capacity, the

motor input power was not used to calculate efficiency. Instead, the power input

to both pumps is calculated using the following procedure.

1. The pump specific speed is calculated and Figure B-9 is used to

select an efficiency value representative of. the efficiency of a properly

sized pump to supply the measured head and flow rate.

2. A motor efficiency of 80% is combined with the pump efficiency in

Eqs. (3-2) and (3-3) to calculate motor input power.

3. The control power input and equivalent air power input were calculated

to be approximately 8.7 ft lb/see for the piston unit and 10.4 ft lb/see for

the bladder unit. These values are small compared to the motor input

powers.

4. Eq. (3-1) is used to calculate the flow work exchanger efficiency.

Since measured pressures are used for calculation of the efficiency, several

very im~rtant pressure losses that would occur in reverse osmosis systems are
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excluded. Inclusion of these losses would reduce the levels of efficiency below those

shown on Figure 4-6. These losses include the following:

1. Pressure losses in the external high pressure piping connecting the

flow work exchanger to the reverse osmosis plant. These losses could

be substantial,

2. Pressure losses in the low pressure feed and exhaust lines.

3. Throttle valve losses for oversized pumps or automatic control system

valves.

4. Pressure losses on the brine side of the reverse osmosis membrane

system.

Only the first three losses should be included in work exchanger efficienc~ al-

though the submersible pump must be sized to make up all four of these losses. Section 6A3

includes a discussion of the effect of increased pressure drop on work exchanger efficiency.

4.4 Test Observations

Observations of the system operating characteristics were made in the

following five areas:

1. Reaction of system to air purging methods.

2. System flow and pressure pulsations.

3. Reliability of system components.

4. Control valve switching time.

5. Bladder stretching pressurds.

The system operation is quite sensitive to air trapped below the piston

or bladder. U air is trapped there, the pressure gauges on the high pressure side

of the system will drop drastically at the beginning of a work exchange cycle and

slowly build back up to the system operating pressure. This occurs because the

trapped air pocket must be compressed in size by the introduction of liquid into
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the system. When no air is trapped in the system, the high pressure gauges

(P4 and P5) jump immediately to the system pressure when the valve switches.

The purging of air in the original work exchanger configurations was considerably

more clifficult than with the modifications shown on Figure 4-3. If no attempt was

made to purge the units, and the units were run for an hour, no improvement in

performance was found to occur. This showed that an improved purging arrange-

ment was essential.

The modified piston unit with the piston relief valves can be started up and

purged in a matter of one or two minutes after the high pressure triplex pump has been

purged. The bladder unit purging takes longer and may or may not be as complete as in

the piston unit.

When the 4-way control valve switches, fluctuations occur on both the

flow meters and the pressure gauges. A summary of these observations is given

on Table 4-2. The flow meter oscillations are a function of the actual flow varia-

tion during the valve shitl and also the looseness of the pointer bearings. The

F1 flowmeter indications appear to be unaffected by the presence of the accumu-

lators. The switching fluctuations of the F~ flow meter for the piston unit seems

to be larger than for the bladder unit but this may be related to which meter is

used. The presence of the accumulators reduces the high pressure F2 flow meter

switching fluctuations significantly. In fact, when this flow meter was received

from Kansas State University, the meter was damaged severely as though it had

experienced a strong flow reversal. In some of our testing without accumulators,

the float of this meter could be heard striking the stop during the valve switching.

The pump discharge pressure oscillations were not reduced when an

accumulator was located at the pump. If anything, the oscillations become worse.

The high pressure gauge located at the high pressure feed flow outlet (P6 on

Figure 4-2) showed reduced oscillations for the piston unit but not for the bladder

unit. However, a Bourdon tube gauge gives only an approximate measure of the

actual pressure variation.
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Tal?le 4-2

SUMMARY OF SYSTEM FLOW AND PRESSURE FLUCTUATIONS
DURING VALVE SWITCHING

Measurement

Flowmeter

‘1

Flowrneter
F2

Pressure P3

Pressure P6

Piston Unit I Bladder Unit
With No I WithNo ““

Accumulators

oscillates
* 30%

dreps to
zero, then
to 10WO,
then oscil-
lates

+ 100 psi
at all
levels

drops 60
psi at
200 psig

Accumtilators

oscillates
* 30%

oscillates
*2W0

i lOOpsi
at all
levels
above
600 psig

drops 30
psi at
1000 psig,
40 psi at
1500 psig

Accumulators

oscillates
* 3%

drops to
zero, then
to almost
80%, then
oscillates

* 50 psi
at Sll
levels

drops 60
psi at
200 psig

Accumulators

not
recorded

not
recorded

+ 100 psi
at all levels
above 600
psi

drops 70
psi at
1000 psig,
100 psi at
1500 psig
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The following conclusions were reached on the use of pulsation damping

accumulators in the flow work exchanger:

1. The accumulator located near the high-pressure pump does not appear

to reduce pressure pulsations produced by the pump.

2. The accumulator located upstream of the valve significantly reduces

the flow meter fluctuations and slightly reduces the pressure pulsations.

Several observations were made regarding component reliability during

the experimental program. These observations were:

1. The carbon steel check valves on the original unit stuck on several

occasions. These valves were replaced with brass check valves and no

further problems were encountered.

2. The modified bladder assembly of the standard bladder type accumu-

lator used in the test unit was very unreliable. Leaks developed around

the stem modification; these leaks could be eliminated by a better design.

Of greater consequence is the fact that two different bladders developed

a series of small holes around the top of the bladder. One of the bladders

received from Kansas State University was like this and the new bladder

purchased to replace it also developed holes at some time during the test

program. The holes appear to be punctures from the inside out and are

apparently caused by the bladder sticking to the phenolic coated shell of

the accumulator vessel. Since our system is a closed loop and recycles

the same water continuously, the temperature of this water will reach a

value of shout 130° F after an hour of operation. If the system is then shut

down the bladder may stick to the shell. When started up the next time,

some of the points that were stuck may pull snd form the puncture type

holes. The water temperature of an actual work exchanger system in a

reverse osmosis process would never by significantly higher than ambient.

However, this test problem points out the delicate nature of the bladders.

3. The piston accumulators may also have problems due to the phenolic

coating. When the piston accumulators were received from Kansas
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State University the inner surface of one of the accumulators was corroded

snd rough in a ring-shaped region about 1 inch long. Water apparently

had been left in part of the unit and the piston or free surface rusted at

this point. some manufacturers provide chrome plating on their shells.

This plating may be better for seawater service.

Valve switching times were measured for the four-way valve on the piston

unit. The stopwatch values were almut 0.25 seconds for valve movement from one

end to the other. The transient operating period shown on the gauges appears to

be slightly less than this value.

A measurement of the pressure required to stretch one of the accumula-

tor bladders to the full vessel size gave a value less than 6 psi. Since this value

is smsll, a new larger bladder was not obtained to eliminate the bladder stretching

losses.

4.5 Test Program Conclusions

1. The measured flow work exchanger pressure losses are low and the

calculated efficiencies are in the range of 92% to 97% for a 1500 psi

system. However, line losses in the pipes snd fittings needed to install

the flow work exchanger in a reverse osmosis plant may be significant

depending on the pipe size and flow rates. These losses csn reduce the

flow work exchanger efficiency significantly.

2. Piston accumulators are more reliable and less susceptible to failure

than bladder accumulators under the service conditions encountered by a

flow work exchanger.

3. The piston test system was operated successfully without attendance for

an hour with the low pressure flow slightly larger than the high pressure

flow. The high pressure flow was maintained at a steady value. This

manner of operation is similar tmthat recommended for operation with a

simple automatic control system.
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4. The use of pulsation damping accumultirs will reduce the high

pressure flow rate variations and pressure fluctuations during valve

switching transients to the following levels:

flow rate * 2~

pressure * 40 psi at 1500 psig for piston unit

5. The bladder assembly of a bladder type accumulator is vexy difficult

to modify successfully. This would be particularly true for larger flow

rate units than were tested in this program.

6. The piston unit is easier to purge of air during startup than a bladder

type unit.
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Section 5

DESIGN OF CONTROLS FOR AUTOMATIC
WORK EXCHANGER

OPERATION OF A

5.1 Background

The operation of the OSW work

electrical timer which cycled the 4-way

exchangers wSEoriginally cent rolled by an

valve to alternate the high-pressure brine

inflow to the two exchanger vessels. In order to maintain continuous flow, the

stroke of the two pistons or bladders had to be made identical (insofar as possible)

by the operator who adjusted valves controlling the flow rates of the high-pressure

membrane discharge brine flow and the low pressure saline water feed stream as

they enter the work exchanger. The operator had to check the operation of the unit

frequently to assure that the pistons or bladders were not bottoming during the cycle,

thereby reducing the flow rate of the unit and causing discontinuous delivery. It was

apparent that an automatic flow synchronizing control system would be essential if

flow work exchangers were to be practical in reverse osmosis systems.

5.2 Objectives for the Automatic Control System

The automatic flow synchronizing control system should meet three objec-

tives:

1. Steady Output Flow: The high-pressure saline water output flow from

the work exchanger to the reverse osmosis membranes should be as steady

as possible. Switching transients should be minimized.

2. Minimum Losses: The additional pressure losses and inefficiencies

caused by the automatic control system should be small.

3. Automatic Startup: The control system should be compatible with auto-

matic startup of the work exchanger without attention from an operator.

In addition, the automatic control system should be made up of standard compnents,

be of reasonable cost, and be relisble for prolonged service.
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5.3 Control System Design Considerations

The work exchanger flow arrangement is shown schematically in Figure 5-1.

Several considerations which hold for sny suitable control system can be imme-

diately identified:

● The volumetric flow rate of the unit is set by the high-pressure brine

input feed stream.

● The control vzdve switching must be regulated by some type of sensor in

the high-pressure portion of the system since the high-pressure saline

water delivery to the membranes is ta be continuous.

. The low-pressure flow rate must be regulated in such a way th~ the

piston or bladder in the low-pressure vessel reaches the end of its stroke

not later than the one in the high-pressure vessel.

● There are two principal tasks for the control system tO perform:

Switch the brine-side flows in respmse to an appropriate signal

Regulate the piston or bladder motion in the low-pressure side

of the system so that the end of the stroke is reached at or before

the time when switching occurs.

The signal to cause switching of the brine-side flows can be obtained from

one of several possible sources:

Sense piston or bladder position at the end of the stroke in the

high-pressure vessel.

Sense the volume of flow and actuate the switch when the full dis-

placement capaci~ of the high-pressure vessel is approached.

Sense the end of delivery of flow from the high-pressure vessel

which occurs when the $troke limit is reached.

The regulation of the piston or bladder motion in the low-pressure side

of the work exchanger system can be accomplished by manually setting the throttle
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valve shownin Figure5-2, so thatthefeedpumpalwaysdeliversa flowrateslightly
largerthanthemaximumbrine-sideflowrate. Thiswill assurethatthelow-pressure
pistonwill alway~reachtheendof its strokefasterthanthehigh-pressurepiston.E
the brine flow rate drops off due to chages in the operationof the reverse osmosis

process, the time interval for whichthe low-pressure piston is bottomedwill increase.
l%e feed pumpwill operate for a fixed time internalat constantflow followed by a

variable time inte~al at zero (stalled)flow. This type of operation is shownon the
pump cbaracteri#tIccurve of Figure ‘5-3.

It is expected thatreverse osmosis desalinationplantswill be operatedat

constantflow ratm for long periods of time. Variations in demandfor the fresh

water product will be accommodatedby storage systems such as water.towers or

ponds. Therefore, the feed pumpcan be sized to operate efficiently at a flow rate
only slightly larger thanthe work exchanger design flow rate. Thethrottlevalve

will be only slightly closed so thatthe associated losses in the low-pressure feed

system will be low.

w’mpcharac’ris’Pump
%_ full flow pxiod

FTesaure

\
%: (full flm ::opfl:~) ~ri~ i

Rise I
r

ThrottleValve Losses

e Qb -
I

I
\- :

—

I_

‘%
UnchangeableSyatim

max II Losses
I l!
I

+- — Flow Marginto Assure
o Full Strokein Worst

PumpFlow Rate
o

//’

\
Case

(am)., MaximumFeed Flow

MaximumBrine-Side Flow
Typical Brine-Side Flow

Figure 5-3: Pump@ration withthe SimpleControl System
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5.4 Alternate Feed Pump Arr angements

The feed pump shown in Figure 5-2 is essential to the work exchanger

system. The pressure rise developed by this pump is required in order to overcome

the following losses:

- Line losses in

work exchanger

the piping from the saline water source to the

- Line losses in the brine discharge piping

- Flow losses and friction within the wo& exchanger itself

- Flow losses through the throttle valve in the control system

As shown in Figure 5-4, there are two ways to incorporate the feed pump within the

reverse osmosis plant. In the arrangement shown in Figure 5-4A the feed pump

is sized to handle a flow rate equal to the msximum waste brine discharge flow

expected from the reverse osmosis system. In the arrangement of Figure 5-4B

the feed pump must be sized for a larger capaci@, a capacity equal to the desired

saline water input flow rate to the membrane system.

The arrangement of Figure 5-4A is the one which has been used for the

experimental work exchangers described in this report. The discussion of the

operating characteristics shown in Figure 5-3 applies directly to this arrange-

ment. The arrangement of Figure 5-4B employs a larger pump which might be

part of a pretreatment system. The Figure 5-4B arrangement delivers flow to

the main pump at an elevated pressure. This pressure may be desirable in order

to meet the main pump NPSH requirements and assure that cavitation will not occur.

The operation of the pump in the Figure $4B arrangement will differ somewhat from

the previous description; the pump will have a continuous throughflow equal to the

fresh water output flow rate from the membranes. Superimposed upon this steady

flow delivery will be the on-off flow component associated with the operation of

the control system.
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5.5 Control System Design

One of the objectives of the second phase of this work exchanger test program

was to construct and test an automatic control system for a selected type of work

exchanger. A schematic diagram of the control system which was developed is shown

in Figure 5-5. Flow switches are installed both in the high-pressure saline water pipe

leadtig to the membranes and in the low pressure saline water feed pipe from the pump.

These switches can be used in both bladder snd piston type work exchangers to sense

the end of flow delive~ at the conclusion of each cycle.

The essential task for this control system is to determine whether the time

interval between the end of the low pressure cylinder stroke and the end of the high

pressure cylinder stroke is within the nominal range, too long, or too short. If the

time interval is too short, an alarm is triggered to alert an operator to check why the

manual throttle valve setting is no longer correct. (If the valve was set properly in

the beginning, it should not have to be adjusted unless higher-than-expected brine-

side flow rates are encountered or else the pressure losses in the low pressure side

of the system increase due to fouling. ). If the time interval is longer than a preset limit,

an indicator light is turned on so that the operator is made aware of the situation and

can readjust the throttle valve if the brine-side flow rate is likely to remain constant

at that particular level for a long period; This adjustment “is optional; its effect would

be ta minimize the time interval during which the feed pump flow is stalled.

A convenient way to sense time interval is to use a time delay relay which is

triggered at a preset time interval after the low pressure bladder or piston reaches

the end of its stroke. The relay will be reset, without being triggered if the end of the

stroke of the high pressure bladder or piston comes before the delay intewal ends.

If the stroke is not completed by the end of the delay interval, the alarm relay is

actuated to indicate that the time interval is too long.

The flow switches and relays 1, 2, snd 3 are actuated twice in each work ex-

changer cycle. H each cycle requires 12 seconds (6 seconds per stroke), the switches

and relays will complete about 5 million operations per year in continuous service.

, .,,,,.,,1,
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Relays generally are rated by their manufacturers for 5 million cycles or more. They

are easily replaced in the control system when necessary because they fit into standard

plug-in sockets. The expected operating life of flow switches proved difficult for us to

determine from the manufacturers. The principal electrical component is usually a

microswitch, and its life expectancy generally exceeds 5 million cycles. The reliabili~

of the mechanical components is not as well known.

Pressure switches which sense either the differential pressure change due to the

presence or absence of flow in the saline water lines, or else the pressure difference

acress the individual work exchanger components, could be used as substitutes for the

flow switches. Both types of pressure differences are largest when flow is being de-

livered by the feed line or cylinder, and fall off when the piston reaches the end of its

stroke and flow stops.

Table 5-1 lists the particular components which were used in the automatic

control system which we tested. The control system functioned properly except for

two problem areas which were easily corrected.

● When the work exchanger was operated at less than one-half

of the usual flow rate, the flow was inadequate to close the

high-pressure flow switch F1. In this case, the control

system would not cycle the work exchanger. This problem

does not exist at the usual 10 gpm flow rate in the test work ,

exchanger.

● After cycling occurs, the flow resumes more quickly in the

low pressure side of the system than in the high pressure

side. As a result, the minimum time alarm is actuated

erroneously because the low pressure flow switch C1OSes

before the high pressure flow switch. The addition of a

very short time delay in the low pressure flow switch

circuit (i. e. , time delay #2) would solve this problem.

This addition was not made in the prototype control system

because it was not essential to the success of the test program.
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Table 5-1

CONTROL SYSTEM COMPONENTS

Component Designation
in Figure 5-5

Manufacturer and Des cription

Relay 1 Sigma Instruments, Inc.
50 R02-115 AC DPDT

Relay 2 Potter and Brumfield
PC 11A 120 VAC DPDT

Relay 3 Sigma Instruments, Inc.
50 RO1-115 AC SPDT

Time Delay #1 Magnecraft Electric Co.
W 211 ACP50X-5 DPDT
operate delay, 1-10 sec. , 120 VAC

Alarm Circuit Relays Magnecraft Electric Co.
W88 ALCPX-12 latching relay, 4 PD’

Flow Switch F1 McDonnell & Miller, Inc.
#FS7-S-l 1/4” flow switch

Flow Switch F2 McDonnell & Miller, Inc.
#Fs4-3Tl-3/4°
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Section 6

COMPARISON OF BLADDER AND PISTON TYPE
FLOW WORK EXCHANGERS

6, 1 Objectives and Scope of Comparison

A brief cost effective analysis of the two csndidate flow work exchangers

has been completed. The objectives of this snilysis were the following:

1. To carry out an analysis to compare the relative technical and

economic advantages of the two candidate work exchangers.

2. To provide information to guide the selection of the flow work

exchanger unit to be tested with an automatic control system under

Phase 2 of this program.

The areas considered in the comparison of the bladder and piston type

flow work exchangers are the following:

1. Scale-up potential

2. Equipment reliability

3. Work exchanger efficiency

4. Flow work exchanger quipment costs

Each of these areas will be discussed in the following subsections.

6.2 Factors Considered in the Comparison
6.2.1 Potential for System Scale-Up

The heart of the flow work exchange system is the pair of pressure vessels

in which the pressure exchange process takes place. Sandafi hydropneumatic

accumulators for water sewice can be adapted for use as pressure vessels. Both

piston ad bladder type accumulators are commercially available to

gallon capaci~ using phenolic or chrome plated pressure vessels.

sizes of 80
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The piston units are easily adapted to have equally large ports on both

ends of the cylinder. Larger size piston units could be made from long precision

piping. The bladder units are very difficult to adapt for use with large. ports on

both ends. The standard bladder end of a transfer barrier accumulator is much

too small ta pass flow rates of more than 50 gprn without creating pressure drops

greater than 20 psi. To pass several hundred gallons per minute, the molded

bladder stem or the whole bladder assembly must be replaced, the pressure

vessel hole enlarged, and the vessel pressure checked and certified. These modi-

fications would be expensive and difficult to accomplish successfully in the bladder

@pe units.

Other components such as ball valves and check valves are available in

sizes at least up to 4 inches and 5 inches respectively in stainless steel with pres-

sure ratings of 1500 psi. Appendix B shows that units consisting of two standard

piston accumulators can supply up tc 760 gpm or 106 gpd of feed water to a reverse

osmosis system. Larger flow rates can be supplied if desired by several smaller

systems operated in parallel.

1 6.2.2 Reliability of Accumulators and Valves

The piston unit is basically more reliable than the bladder unit. A great

deal of development work has been conducted on piston-type machinery. Several

piston sealing techniques and many materials have been tested for various appli-

cations. Rubber O-rings are usd on standard accumulator pistons, but cup seals

and various ring seals could also be used. A piston seal may wear with usage

and allow some leakage past the piston, but it will never fail. The leakage will

be small because the pressure differences are very small.

Bladder units, on the other hand, can fail in several ways. The bladder

continually pushes against a pppet valve once in each cycle causing excessive wear

unless the flow is contrdld to prevent the contact from occurring. The automatic

control system would have to be much more cornplic ated if the poppet valve is not

moved at the end of each cycle. One of the bladders received from Kansas State

Universi@ at the beginning of the present test program had 3 puncture holes near
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the top. The new bladder purchased for this program developed six holes in the

same area. These holes were caused either by punctures from the inside or by

sticking of the bladder to the phenolic coating of the shell as a result of the eleva-

ted water temperature in our closed-loop system. The latter problem is believed

to be the cause of the punctures. In any case, the bladder is more susceptible to

complete failure which renders the work exchanger inoperable.

Check valves are conservatively rated for 10 million cycles which is equiva-

lent to over 3 years at the highest practical cycling rate, 5 cpm. Ball valves will prob-

ably require replacement of seals as often as every 500, 000 cycles which is equiva-

lent to about two months at the highest practical cycling rate. However, these

seals can usually be replaced quickly and replacement can be scheduled at regular

maintenance intervals.

6.2.3- Efficiency of Flow Work Exchangers

The analysis presented in Appendix B resulted in calculated levels of

efficiency for piston type flow work exchangers over a range of flow capacities.

The results of that analysis are shown on Figure 6-1. Efficiency levels are shown

to rsnge from as low as 65% to as high as 99%. High efficiencies are attained by

selecting large components which yield very small pressure losses so that the

associated power required by the pumps is small. Details of the equipment size

are given on Table B-2. The cost of the equipment is presented on Figure 6-1

which shows that high efficiency requires more expensive equipment.

The units 1, 2, 3, and 4 on Figure 6-1 refer to Table B-2 and correspond

to units based u~n stsndard piston accuqmlators of the following sizes: 10, 20,

40, ad 80 gallons. Units 3A, 3B, snd 3C are d sized for a 40 gallon accumu-

lator but employ diffe rent sizes for the other components.

The control valves used with the flow work exchangers for the large flow

rate units must be ball valves instead of four-way, two-position valves. The

ball valve units have very low pressure loss. The four-way valves have very

large pressure losses ‘in the same port sizes. For instance, unit 313aon Tables B-2
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and B-3 loses only 3.5 psi across a 2-1/2” ball valve at 380 gpm. A four-way

valve of the same port size would lose 150 psi and a 6“ valve would lose 15 psi.

Not only would the efficiency be significantly reduced for large sizes, butthe cost

would also be significantly larger. Four-way valves can be used on the small flow

rate units without significant efficiency penalties and offer the advantage of very

long cycle life (1Oto 20 million cycles).

Two very important pressure losses are not included in the calculated

flow work exchanger efficiency. These losses are:

1. The pressure loss in the high pressure brine snd feed water lines

attaching the flow work exchanger to the reverse osmosis system.

2. The brine-side pressure loss in the reverse osmosis membrane

system.

Figure B-9 shows that each additional 50 psi of pressure loss in either the brine

flow piping or the feed flOW piping will result in about 8 points loss in efficiency

for a 1000 psid flow work exchanger. The brine-side membrane pressure drop

should not be included in the flow work exchange efficiency calculation, but the

head rise and cost of the high pressure pump are affected by this loss,

The pressure losses and efficiencies of the bladder and piston units

would be equivalent if the bladder port is properly modified. fi the bladder port

is too small, the pressure loss can be calculated from Eqs. (B.2) and (B. 3) or

approximated by taking hslf of the losses shown on Figure B-4. The efficiency

loss can then be estimated from Figure B-9. For instance, unit (3Bc) with a

one inch modified port would have a pressure loss of approximately 50 psi/2 or

25 psi. This would result in 4 points loss in efficiency for a 1000 psid system.

At larger flow rates the penalties are much more severe unless the port size is

increased adequately.

6.2.4 Comparative System Costs

The flow work exchanger system ~uipment costs are shown as a function

of size on Figure 6-1. The unit designations refer to the equipment sizes, inate-

risls, and performance listed on Tables B-2 and B-3. The costs shown on
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Figure 6-1 apply only to the cost of the unmodified equipment. No allowances

have been included for welding or installation costs.

A line of const snt efficiency has been included on the cost curves. The

line is not a continuous curve, primarily because of the change from threaded to

flanged ball valves between unit 3A and 3B. In a range of flow rates between 200

and 300 gpm it may be more economical in terms of equipment cost to operate 2

small size units rather than one large unit. For units larger than 300 gpm,

Figure 6-1 shows that one single unit will have a lower cost thsn several small

units.

The bladder accumulators are more expensive than piston accumulators

as shown on Figure B-6. In addition, the Madder units require major modifi-

cations to the bladder stem and shell to increase the port size. In first cost alone,

the bladder type accumulator is 2 to 3 times the cost of the piston type. accumulator.

For unit 3Ba (Table B-2), a bladder type work exchanger would cost $5,800 more or

abut 18% more than a piston type flow work exchanger. With the cost of the modifica-

tion to the bladder accumulator included, the total cost increase would be 20% to

25% above that of a piston type unit.

6.3 Cost Effective Analysis - SummaV and Conclusion

A summary of the comparison of the two types of flow work exchange units

is shown on Table 6-1. Figure 6-1 shows the detailed efficiency and equipment

cost comparison for the range of units investigated. On the basis of this analysis,

the piston type flow work exchanger system is superior to the bladder unit for

this application. Therefore, the piston unit was selected for test with the

automatic control system under Phase 2 of this program. This decision was based

upon the following considerations:

1. The piston type unit is available in standard sizes with ports that will

accommodate large flow capacities without major modification of the unit.

The bladder units require major modification in all sizes. Piston tmits

larger than 80 gallons could be fabricated from precision pipe.
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2. The piston accumulator is more reliable than the bladder unit. The

bladder is susceptible to failure which requires shutdown of the work

exchange r.

3. The two types of units would have wual efficiencies if the bladder port

is enlarged to a size equal to that of the piston unit. Othelwise, bladder

unit efficiencies would be significantly lower thsn piston unit efficiencies.

4. Development work under Phase 1 determined that the piston unit can

be modified more easily than the bladder unit to bleed air f mm the feed

water side of the system (see Section 4).

5. A bladder type flow work exchanger costs approximately 20% to 25%

more than a piston type work exchanger.
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RELIABILITY

Section 7

TESTING PROGRAM FOR A
PISTON TYPE WORK EXCHANGER

The objectives of the reliabili~ testing program were the following:

● To demonstrate the performance of the control system,

● To establish that the work exchanger is operable with

the selected control system,

● To obtain performance reliabili@ information for the

control system and work exchanger components.

The testing program was divided into a series of four test periods of

duration and five equipment inspections., During each inspection nd

the following components were evaluated:

Inspections

1. The piston seals were inspected.

2. The accumulator walls were inspected.

one month

test period,

3. The piston seals and check valves were leak checked.

4. A check valve was inspected at the completion of testing.

Test Period

1. The operation of the check valves and the control valve
are monitored.

2. Operation of the automatic control system was evaluated.

3. Records of component failures were maintained.

The piston type work exchanger was selected for operation with the automatic

control system in the reliability test program. In Section 6, the piston type unit was

shown to be better than a bladder type unit on the basis of scale-up potential, reliability,
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and cost. The piston work exchanger was operated on fresh water at 800 psig system

pressure and a flow rate of about 8 gpm for the whole test program. The unit cycle

time was about 36 seconds (up and down).

7.1 Experimental Obse~ations

The automatic control specified in Section 5 operated successfully throughout

the reliabili~ test program. The work exchanger is easily started-up and set into

automatic cycling with full piston stiokes in less than a minute if the system is full of

liquid, Startup requires almut 5 minutes if time is needed for bleeding air from the

system. The unit will continue automatic cycling without adjustment of the low pres-

sure flow rate for long periods of time.

During the four test periods, three different piston sealing designs were

tested and evaluated. The complete work exchanger unit was operated for a total of

619 hours which represents approximately 60,000 component cycles (up and down

for pistons, open and close for valves). A summary of test obsenations is pre-

sented on Table 7-1. A discussion of specific components and problem areas is

presented in the next section.

7.2 Discussion of Specific Components

1. Failure of the First Cup Piston

86 houm after the start of the first test period, the work ex-

changer stopped cycling due to leskage of high pressure flow

past the cup piston (see Figure 4-3). The cup piston was

removed from the cylinder snd inspection revealed that the

seals failed due to the squeezing of the seals by pressure

forces exerted on the piston at the end of each stroke. To

prevent these large end forces on the cup seals, four metal

rod extensions were installed on each end of the piston. This

solved the seal failure problem, so that a new cup seal piston

could be operated successfully for 502 hours during the re-

mainder of the test program.
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2. Seal Wear Due to Rough Cylinder Wtills

The right side accumulator used during the first test period had a

rough pitted ring section of wall about 3‘’ to 5‘’ long where the

phenolic coating had been removed. At the end of the test period,

there was also w 3” wide section of pitted wall extending almost

the full length of the accumulator where 75(t of the phenolic was

removed. The rubber O-ring seals on the standard piston (see

Figure 4-3) used in this accumulator for the last 31 hours of

the first test period were worn flat by the 3“ wide axial pitted

area to the point where the piston scraped on the wall. The

remaining 270 degrees of the piston O-rings also showed mod-

erate wear but the piston did not scrape the wall.

The axial pitted grooves that developed in the left accumulator

scratched corresponding grooves in the polypak seals.

For successful long-life operation of piston seals, it is important

that the cylinder wall be kept in a smooth condition. This will

require a good cylinder wall plating or a solid wall material com-

patible with salt water and careful filtering of the incoming feed

and brine flows.

3. Deterioration of Accumulator Walls

The accumulators used in the fresh water test unit were standard

water service accumulators with phenolic coated walls. The phenolic

coating will not be suitable for salt water application because of the

ease with which it is scratched and its susceptibility to penetration

by tap water.

The left accumulator used throughout the test program developed

a large number of axial scratches from small particles trapped

and pushed by the piston seals. Once formed, these scratches

deteriorated into pitted grooves over the course of the testing

program.
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Two of the accumulators developed ring shaped pitted areas

around the full circumference of the accumulator. The first

right-hand accumulator already had a substantial ring shaped

pitted area when received from Kansas State University, ap-

parently caused by leaving the piston in one position for several

weeks with some water still in the accumulator. The left

accumulator developed a thin ring of pits (about .060” wide)

during our test program which apparently started at one of

the piston seals when it was left stationary for a period of 3

or 4 days.

To protect the accumulator walls in future units, the liquid

should be filtered with a 10 micron nominal filter and the unit

should be drained and dried when it is to be left idle for more

thsn a few days.

Comparison of Measured System Pressure Losses
for Three Pistons

The pressure loss for the low pressure flow (API ) and the

high pressure flow (APh) is measured by the differential

pressure gages shown on Figure 4-2. The following listing

is a comparison of these measured losses using the three

different types of pistons at a system flow rate of 7 gpm.

The difference behveen the listed pressure losses is due to

the increased frictional resistance of the different pistons.

System Pressure
Piston Loss at 7 gpm

Cup Piston 7 psi

O=Ring Piston 10 psi

Polypak Piston Original 25 psi

Polypak Piston with .040” removed from
seal groove I.D. (beginning of test period) 21 psi

Polypak Piston with , 040” removed from 16 psi
seal groove I.D. (end of test period) (reduced due to

seal wear)
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5. O-ring Seal Piston

The Buns-N O-ring seals perfomned satisfactorily for 270 hours

in a smooth walled accumulator. However, the standard rubber O-

ring seal configuration does not appear to be satisfactory for long

sewice operation under work exchanger operating conditions.

The rate of wear and rolling of the seal was reduced by using a

teflon back-up ring during the second test period. When the walls

become pitted and rough, the Buns-N O-ring wears very rapidly.

EPDM rubbers may give longer service life. Rubber seal cross-

sections other than circular may give better service for work

exchanger operating. conditions.

6. Cup Seal Piston

The cup seal made of molythane material (see Figure 4-3) was

tested for 502 hours with vexy little wear to the seals. The

system pressure drop when using this piston was also the

smallest as discussed in 4 above. Of the three pistons tested,

this piston will give the best service under work exchanger

operating conditions.

7. Polypsk Seal Piston

The polypak seal made of molythane material was tested for

298 hours with unsatisfacto~ performance. The seal

cross section and piston configuration are shown on Figure 7-1.

The proper polypsk seal and correct seal groove dimensions

resulted in the piston being very tight in the cylinder. This

caused the pressure difference r~uired to push the piston to

be about 18 psi larger than that required for the cup seal piston.
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Wear of the seal and an enlarged seal groove (. 040” deeper)

reduced this value to 9 psi larger than the cup seal. Axial

scratches on the seal made by pitted scratches on the cylinder

walls cut into both the lip and the heel of the seal indicating that

practically the whole side surface of the seal touches the wall.

h fact, at the end of 298 hours, almost the whole side surface

of the seal was shiney from wear except for the axial scratches.

From the experience of this test program, the polypak seal

configuration would appear not to be satisfactory for the operating

conditions of the work exchanger.

Automatic Control Operation

The control system functioned as designed to automatically

alternate the two cylinders to accept and supply a continuous

flow of high pressure water. The design and operation of the

control system are presented in Section 5.

The control system operated satisfactorily for a total of 547

hours which is equivalent to about 53,000 cycles. During the

last 40 hours of testing, trouble developed in relay number 2

(see Figure 5-5 and Table 5-1). Once or twice a day, the work

exchanger would stop cycling. The cause of this problem was

traced to relay number 2 which would occasionally stick in one

position or the other. The system could be started again by

turning the control system switch off and on once. When this

relay was replaced, the control operated properly again.

More reliable relays to replace relay number 2 are now

available from the same manufacturer. Future control

systems should use the new enclosed relay.

The switching time transient observed on the high pressure

gauges and flow meter was increased from about 0.3 seconds
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to about O.6 seconds when changing from the mechanical timer

control to the autimatic control. The reason for this is that

the high pressure flow rate must almost stop before the flow

switch will respond to actuate the automatic control system

whereas the timer system would switch cylinders before the

piston reached the end of the cylinder. The increased switching

time is not considered to be significant, since it is still a small

percentage of the cycle time.

9. Check Valve Wear

No operational problems occurred during the test program. At

the end of 619 hours of testing (60, 000 cycles), one of the check

valves was disassembled for inspection. The valve used was a

Circle Seal, 3000 psi, 3/41! brass piston type check valve.

The valve seals, O-ring seal, and spring were all in excellent
1 condition. The sliding piston showed a small amount of wear.

but it represented only a ve~ small percentage of the piston

life (1% to 5% estimated). Therefore, the piston

may be expected to give very good performance

exchanger operating conditions.

7.3 Conclusions

type check valve

under the work

The results of the reliability test program led to the following conclusions

ccmceniing the automatic control and the work exchanger components:

1. The automatic control system designed for the work exchanger

does properly snd reliably cycle the two work exchanger cylinders

to accept and supply a continuous flow of high pressure water.

2. A phenolic coating on accumulator walls will not be satisfactory

for work exchanger operating conditions.
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3. To prevent pitting Wd scratching of accumulator walls,

the low and high pressure flows should be filtered (1OP

nominal) and the system should be drained snd dried when

it is to be idle for more than four days.

4. Badly pitted accumulator walls cause seals to wear rapidly

and unevenly, significantly reducing the seal cycle life.

5. The cup type piston seal was the best of three piston seals

tested in this program (others were O-ring and polypak).

The cup seal was tested for 502 hours (48, 700 cycles) with

very little seal wear and the smallest piston frictional

resistance.

6. The check valves, 4-way valve, the low pressure pump,

and the submersible pump operated satisfactorily for the

complete 619 hour test program without any malfunctions.
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Section 8

CONCLUSIONS

The following conclusions were reached as a result of the work completed

under this program:

(1) Efficiencies in the range of 90% to 97% were calculated for the pro-

tolype work exchangers based upon measured pressure loss data for

system pressures above 1000 psig. Losses in the external piping re-

quired to connect the work exchange unit to a reverse osmosis plant

will reduce the actual efficiency below these values. The magnitude of

the efficiency loss can be limited by using large pipe sizes.

(2) Flow work exchange units can be built in sizes up to 600,000 fresh-

water gpd at 35% recovery in reverse osmosis systems. Efficiencies

of these units will be within the range of 90% to 95%. Units in paral-

lel can be used to achieve capacities larger than this.

(3) A piston-type flow work exchanger unit is better than a bladder-type

system Because the piston unit is more easily modified for use, is

more reliable, is more easily bled of trapped air, and is 20% to

25% lower in cost.

(4) An automatic control system using flow switches or pressure switches

to sense when the piston or bladder reaches the end of its stroke

can be used in conjunction with a manual control valve and alarm

system to control either the piston-type or bladder-type flow work

exchanger. The low pressure feed flow is adjusted to be slightly

larger than the high-pressure flow and the sensing system alerts the

operator if the system operation gets out of adjustment. Use of a

more sophisticated control system wmld only be warranted after a

thorough analysis of the complete reverse osmosis plant o~ration.
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(5)

(6)

(7)

(8)

An automatic control system was designed, installed and

successfully operated with a piston type work exchanger

for 547 hours (53, 000 cycles).

The accumulator walls and the piston seals showed a great

deal of wear during the test program. As a result, phenolic

coated accumulator walls are not considered suitable for

work exchanger service. A cup type piston seal was the

best of three types of piston seals tested.

Inlet water flows to the work exchanger should be filtered

(IOPnominal) to protect cylinder walls and piston seals.

The check valves, the 4-way valve and two system pumps

operated without malfunction for 619 hours (6O,000 cycles).

57



Section 9 ‘

RECOMMENDATIONS

The flow work exchanger is a very efficient device for energy recovery

from the brine discharge of a reverse osmosis plant. Further investigations are

needed to improve critical component life, reduce critical component replacement

cost and maintenance, and determine the effect of the use of flow work exchangers

on fresh water cost. Recommendations of specific areas for further investigation

are the following:

(1) Life testing of ball valve and other low pressur~loss

valves for handling flow rates of 200 to 800 gpm should

be undertaken. The high efficiency of a flow work ex-

changer operating in this flow rate range requires the use

of low-pressure-loss control valves. The cycle life of

these valves under work exchanger operating conditions

has been estimated to be only 1 to 3 months by several

manufacturers.

(2) The two pressure transfer piston cylinders are the heart

of the work exchanger system. To achieve component

life times compatible with a reverse osmosis system

(3o years), the cylinders will have to be made from an

expensive material unaffected by saline water or the

cylinders will need inexpensive replaceable liners. An

analysis, desi~ smdtesting program should be under-

taken to determine how to msximize the cylinder life

and minimize the equipment cost over the life of a

reverse osmosis plant (30 years).

(3) An economic analysis of a reverse osmos 1s plant including

a flow work exchanger energy recovery device should be

undertaken. The flow work exchanger has two outstanding

economic advantages in its favor:
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● The energy recovery efficiency of a work exchanger

in a reverse osmosis plant is almost double the

turbine-generator-motor-pump combination normally

used.

● The use of a work exchanger will reduce the r~uired

reverse osmosis high pressure feed pump capaci~

by afactorof 1.5 to 2. The cost of this pump will,

therefore, be correspondingly lower.
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Appendix A

DERIVATION OF PERFORMANCE EQUATIONS FOR

FLOW WORK EXCHANGERS

A.1 Ideal Ener ~ Exchange Between Two Liquid Streams

The purpose of the flow work exchanger is to transfer energy and pressure

from a high pressure waste stream to a low pressure feed stream. Assuming that

there are no losses associated with this process, the pressure and volume changes

in the exchanger pressure vessels can be shown on an ideal pressure-volume in-

dicator diagram. The following assumptions are made in order to draw and evaluate

the ideal indicator diagram:

Assumptions

1. All process steps are isentropic. There are no fluid

friction losses in the pipes and valves, and no emptying

and filling 10Sses in the pressure vessels.

2. There are no frictional losses due to the sliding pistons.

3. The compressibility of the water is neglected in the analysis.

In reality, water will compress about O. 77% at 1500 psi.

4. Leakage flow through valves and past pistons is assumed

to be negligible.

The ideal energy exchanged between the high pressure brine and low pres-

sure feed during one complete cycle of each pressure vessel is represented by the

area 1-2-3-4 on Figure A-1. The value for the ideal power transferred for two

cycling vessels is given by the following equation:

or
Wi = (Ph - PI) (Qh)(0. 321) (A-1)
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Figure A-1
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A. 2 Losses in an Actual Flow Work Exchange System

Losses occur in an actual system which make the efficiency of the energy

exchange less than 100%. These losses can be evaluated from measured fluid flow

losses or from the power additions required to operate the flow work exchanger.

Table A-1 lists and describes the system losses in both ways. Figure B-1 shows

the components rquired in the operation of a flow work exchanger in a reverse

osmosis system. Power must be supplied to two pumps, automatic contr~ls, solenoid

valves and pneumatic systems. Each of these power inputs represents a loss in the

flow work exchange system. The efficiency of the flow work exchanger is defined as

the net power transferred divided by the ideal power transfer from the brine flow to

the feed flow.

WI -1- Wh + Wc +Wa
‘q=l - W.

(A-2)
1

The power input to the low pressure pump is calculated by the following

equation:

WI= (1 - Fl)Wocl+Fl (Wtl) (A-3)

In this equation the first term represents the power input during the normal operating

condition and the second term represents the power input during the transient switching

condition. The low pressure pump input power can also be calculated from the following

equation using measured pressure losses and flow rates.

(A-4)

A similm equation can be written for the work input to the high pressure,

low head pump.

‘h
= (1 - Fh) ‘Och + ‘hwth (A-5)
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In terms of pressure losses and flow rates, the equation becomes as follows:

Aph Qh
Wh = (1 - Fh) ~p ~ ~ (*321) + FhWth (A-6)

The terms Apt and APh are the values measured on the two existing flow

work exchanger test systems. However, as shown on Table A-1, the measured AP

terms do not include all of the losses that should be accounted for when a flow work

exchanger is included in a reverse osmosis system Each of the pumps would require

additional head capacity at the plant operating condition in orderta provide for the

additional losses listed in the right-hand column of Table A-1. In some cases these

additional losses may be substantial and therefore must be evaluated to obtain a true

measure of the flow work exchanger efficiency. The flow work exchanger efficiency

should not be penalized for the pressure drop through the salt water side of the mem-

brane system even though the pressure drop must be supplied by the high pressure,

low head pump. This pressure drop must be considered when selecting this pump

snd evaluating the cost of production of fresh water.

When the ilow work exchanger performance is defined in terms of power

input values, the motor input power to the high pressure pump includes the effect of

the surge of high pressure brine during pressurization of the feed stream.

The control and pneumatic power input terms will be a small percentage

of the total ~wer input, especially for the larger flow rate and higher pressure flow

work exchangers.

In OSW report No. 357 (Ref. 1), the efficiency of the flow work exchanger

is defined in terms of areas on the non-ideal indicator diagram shown on Figure A-2.

This diagram shows the pressures that exist at the test system pressure measurement

locations snd not the pressures in the pressure vessels. The same four processes

shown on Figure A-1 are exhibited in their non-ideal form on Figure A-2.
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The losses associated with the low pressure feed inflow and high pressure

feed outflow are due to the pressure differences needed to overcome pressure losses

(3-4-9-10 and 1-2-6’-7). The ideal pressure vessel pressures on Figure A-1 are

located inside the areas designated above. The lost work per cycle represented

by these areas is:

(P1 - PI ) (V4 - V3) = API (V4 - V3)
1 2

- P ) (Vl - V2) = APh (Vl - V2)
‘ph2 ~

(A-7)

(A-8)

These values multiplied by (2N)(144)(1-F) and divided by the pump and motor ef-

ficiencies result in values equivalent to the steady flow terms of the power loss

equations, (A-4) and A-5). N is the cycling rate and (1 - F) is the portion of the

cycle time at the normal operating condition.

The pressurization and repressurization portions of the cycle are tran-

sient operating conditions that occur when the valve switches. During the pressurization

of the feed flow, the brine experiences a redden surge of flow as the valve opens to allow

brine to flow into the cylinder. The brine pressure drops from point 6 and then quickly

builds up to point 6‘ pressurizing the feed flow (4 to 1) as a small amount of brine flows

into the cylinder and moves the piston slightly (5 to 1). This process produces a loss

in the high pressure system represented by (4-6-6 ‘-l) on Figure A- 2 where the process

from 4 to 1 is approximated by a straight line. This loss represents the difference be-

tween the energy available (6-6 ‘-12-B) in the high pressure brine and the work delivered

in pressurizing the low pressure feed (4-1-12-B). These losses combined with the

transient operation during valve switching are included in the second term of the high

pressure pump power input defined in Equation (A-6).

The high pressure pump experiences a drop in flow as the control valve

switches, then a surge of flow during pressurization. The input motor power will also

experience similar fluctuations during this transient period. Since this transient

period is very short, the motor power input is dominated by the steady flow operating

point.
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The depressurization part of the cycle occurs with no flow passing through

the low pressure pump since the check valve will not open until the pressure in the

pressure vessel drops below the low pressure pump discharge pressure. The pump

is operating at a zero-flow condition but a finite amount of time is needed for the

shut-off head to build up after the flow stops. This part of the cycle is also transient

operation. The second term of the low pressure pump input power given in Equation

(A-4) describes the transient loss during valve switching and depressurization. Since

the pump flow is stopped during the repressurization, the area (7-8-9) is not equivalent

to the transient input power. Instead, it represents a surge of flow out of the exhaust

line but it does not place any additional load on the low pressure pump.

The evaluation of the Flow Work Exchanger efficiency in terms of power inputs

is the more meaningful of the two methods of description. Since input power in the flow

work exchanger is the operating cost to be paid for, it is this power which should be

used for system performance evaluation. This method of performance evaluation is

equivalent to the method presented in OSW report No. 357 (Ref. 1).

A. 3 System Efficiency Losses Due to Leakage of High Pressure Flow

Leakage losses will decrease the Flow Work Exchanger efficiency by per-

mitting water at high pressure to leak past check valves, pistons and control valves.

The leakage flows represent energy losses in the high pressure brine flow from the

reverse osmosis system or in the high pressure feed flow back to the reverse osmosis

system. The leakage of high pressure brine flow past the closed exhaust control ball

valve represents ener~ lost from the system. The leakage past the closed check valve

represents a reduction of the high pressure feed flow to the reverse osmosis system and

also a reduction of pressure 1-1 because of the throttling process. Leakage past the

pistons or through the bladder changes the salt concentration of the high pressure feed

flow arid causes increased Flow Work Exchange system losses. on the low pressure side

of the system.

for Flow Work

Including the effect of leakage losses results in the following equation

Exchanger Efficiency:

(A-9)
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where the volumetric efficiency is defined as follows:

~vl

the

F1OWrate without leakage
Vv = Flow rate with leakage (A-1O)

includes the effect of leakage past the piston and leakage past the check valve from

high pressure region. qv2 includes the effect Of high pressure valve leakage. If

measured values of flow rate are used to calculate WI , Wh, and Wi, then the effect

of leakage has already been included and the volumetric efficiency correction is not

needed. If the flow rates are calculated from piston displacement and cycle frequency,

then the volumetric efficiency correction is required.
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B.1

flow

Appendix B

DETAILED EVALUATION OF COST AND EFFICIENCY FOR A
RANGE OF FLOW WORK EXCHANGER SIZES

Description of Approach

To evaluate the scale-up

work exchangers of different

potentiil and estimate the cost and efficiency

sizes, detailed component information was

obtained. This information included size range, cost, and pressure losses for

equipment suitable for use with salt water at pressure levels up to 1500 psig.

To carry out the amlysis, a ‘fstandard system” was selected which

of

includes all of the important system compnents of a flow work exchsnger. Figure

shows a schematic of this system with the components identified. ~orm ation

has been obtained on each component in sizes suitable for use with accumulators of

from 10 to 80 gallons capacity. The components are listed in Table B-1 together

with specifications and potential suppliers.

The maximum flow rate capaci~ for an accumulator of given size is

assumed to be 9570of the capacity corresponding to a cycling rate of 5 complete

cycles per minute.

and the flow rate in

This mesns that the control vslves switch every six seconds

gpm is given by the following equation:

Q = .95 V (cpm) 2max

or

Q = 9.5Vmax

;:.

2

10
20

40

80

Brine
GPM

19.0

95

190

380

760

B-1

(B. 1)

Approximate Reverse Osmosis Plant Fresh Water
Brine
GPD

27,500

135,000

275,000

550,000

1,100,000

Production (based on 35% recoveg from feedwater)
GPD

14,800

72,700

148,000

296,000

592.000
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Table B-1

COMPONENTSFOR STANDARDSYSTEMIN FIGUREB-1

tandardSystemComponents Specifications PotentialSupplier

Piston Type

2 Accumulatorsfor 1500psi 1. Superior Hydraulics
Water Semite 100”F 2. Greer Olaer Products

salt water 3. Liquidonics, Inc.

Bladder Type
1. Greer Olaer Products
2. Hydrotrole, Ltd.

1 LOw-Pressure-LOw- 60 psi 1. Goulds Pumps, Inc.
Head Pump 100°F 2. Decatur PumpCo.

salt water 3., Crane Go.

1 High-Pressure-Low- 1500psi 1. Reda PumpCompany
HeadPump(submersible) 100aF 2. Pleuger Submersible Pumps, Inc.
with Presmre Vessel salt water

4 CheckValves 1500psi 1. Circle Seal Co.,,
100”F 2. Mueller SteamSpecialtyCo.
salt water 3. CombinationPumpValve Co.

4 Ball Valves with Solenoidor 1500psi 1, Fluid DynamicsInc.
PneumaticActuation 100”F 2. JamesburyCorporation

salt water 3. ebv Systems hw,

AutomaticControl System

Mping andFittings 1500psi
100”F
salt water

Low Pressure Throttle Valve 60 psi
100”F

., salt water
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The following sections present information on the components needed in

the flow work exchange system. Several combinations of accumulators and com-

~nents are then evaluated in order to estimate the system cost and efficiency as

a function of size.

B. 2 Com~nent Pressure Loss Information

Pressure loss occurs in all of the following components in both the high-

-pressure snd low-pressure portions of the system.

1. check valves

2. ball valves

3. expansion and contraction losses from accumulator to pipe

4, pipe friction ad elbow losses

5. pipe expansions and contractions to accommodate check vslves and
ball valves of different sizes

6. low-pressure throttle valve

The values for pressure loss as a function of flow rate for various sizes of ball

valves and check valves were obtained f rmn manufacturers’ catalogs snd are

presented in Figures B-2 and B-3.

The pressure losses in contractions, expansions, pipes, snd fittings were

calculated using information from references 2 and 3. The accumulator entrance “

and discharge pressure losses are caused by expansion and contraction of the fluid

at the accumulator ports. The following ~uations were used to evaluate these

losses:
c 12 Al 2

expansion loss He = ~(1-~) (B.2)

(B.3)contraction loss H = —
co 2; K
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where

c1
- fps - velocity in inlet pipe

C3 - fps - veloci~ in discharge pipe

A,-in2 - area of inlet pipe

+.l? - area of accumulator

K loss coefficient from Figure 4 of Reference 2

The combined expansion and contraction loss is presented in Figure B-4 for

different accumulator sizes and port sizes.

.
To allow estimation of the pressure loss in system piping and fittings,

the flow path for both the high pressure ad low pressure lines was assumed to

consist of 10 feet of pipe and six 90“ bends. To calculate an equivalent length of

pipe, each 90° pipe bend was assumed to have a loss equivalent to 35 diameters of

straight pipe. Figures 7 to 14 of Reference 2 were used to calculate the pres-

sure loss information presented in Figure B-5 for different size pipes.

Some combinations of piping and valves will require additional expan-

sions and contractions in pipe sizes. These combinations were evaluated in a

manner similar to that used for the accumulator entrance and discharge losses.

The t.tmttle valve losses in the low pressure line were assumed to be 0.15 pipe

velocity heads for a straight through-flow valve (i. e., gate valve).

B. 3 Component Cost Data

Figure B-6 shows compment costs as a function of size for accumulators,

ball valves, and check valves. This information wsa obtained from a number of

manufacturers.

The bladder and piston accumulator prices are for hydro-pneumatic ac-

cumulators designed for standafi water senice. The accumulator vessels are made

of carbon steel with an intemial phenolic coating or chrome plating. The port and in-

ternal eompnents are stiinless steel and the piston is anodized aluminum. The piston-

type accumulators have standard ports as large as 3 inches in diameter. The bladder

type units have a 2” to 4“ port on one end snd a small gas port attached directly to the
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bladder (approximately 5/8” inner diameter) on the other end. The bladder units

are more expensive and, for work exchanger service, would require modifications

of the bladder and vessel to install a larger port on the bladder end. Accumulator

shells can be made from corrosion resistant materials such as Monel at significantly

higher cost (4 times).

The ball valves snd check valves are both made of stainless steel. The

ball valve prices include a solenoid or pneumatic actuator and a set of mating

flsnges as required. The larger check valves are of the wafer type and the price

includes the required mating flanges. A large increase in price results for the

larger size components when flanges are rquired instead of threaded connections.

Figure B-7 shows the cost of low-pressure, low-head pumps with motors.

It also shows costs for high-pressure, low-head submersible pumps. The low-

pressure pump costs are shown for two materials: bronze and stai~ess steel.

This information was obtained from the manufacturers snd from Reference 4. The

high-pressure submersible pump costs were obtained from manufacturers and

apply for the nickel alloy material which they recommend for brine applications.

Cost data for both types of pumps are plotted against the parameter used in

Reference 4; gpm x psi.

Reference 4 was used to obtain prices for pipe, 90” elbows, tees, flanges,

snd gate valves. A check of the cost curves presented in this reference showed

that most of the information given for schedule 80 and 1500 psi-rated stainless

steel components remains reasonably accurate. However, local prices for schedule

80 stainless steel pipe were found to be higher by a factor of 3. Therefore, the

Reference 4 pipe cost data was increased by a factor of 3 for use in this study.

B. 4 Pump Efficien w Data

Pump efficiency values are important factors in calculating the efficiency

of the flow work exchanger. To obtain efficiency values for the low-pressure, low-

head pumps and for the high-pressure, low-head submersible pumps, Reference 5

and manufacturers’ data were used. Figure B-8 shows the efficiency values for

both classes of pumps as determined from both of these sources.
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The high-pressure, low-head submersible pump efficiency values repre-

sent the peak efficiency envelope of a series of pumps of different sizes. Each

individual pump will only operate over a small range of flow (about ~ 2MO)with

efficiencies close to this curve. Operating efficiencies of these pumps outside

this operating range drop rapidly.

The low-pressure, low-head pump efficiency is shown on Figure B-8

as taken from a general correlation in Reference 5 for single-stage centrifug~

pumps and turbine-@pe pumps. The centrifugal pumps produce the highest effi-

ciency levels in the specific speed range above 30. This generally corresponds

to flow rates above 50 gpm for low-head-rise pumps. The turbine-type pump

provides the highest efficiency for specific speeds and flow rates less than the

above values. Manufacturers’ data for both types of pumps were plotted on

Figure B-6 and the upper envelope of this commercial data was drawn as the

solid line. This envelope will be used for evaluating the efficiency of larger-size

flow

B.5

work exchangers.

Selection and Evaluation of 18 Flow Work Exchanger Systems

To evaluate the cost and efficiency of large-size flow work exchangers,

a series of 18 systems were sized and snalyzed using the component information

in Sections B.2, B. 3, and B.4. Four accumulator sizes (10, 20, 40, and 80 gal-

lons) were chosen and the other required components were matched and selected

in order to achieve m operating efficiency of about 9170at the maximum. flow rates

listed .in Section B. 1. Each of the four systems were analyzed at 50%, 75%, and

10MOof maximum flow. This corresponds to a fresh water production of approxi-

mately 35, 000 to 600, 000 gpd from a reverse osmosis plant operating with a

recoveq factor of 35’%. Larger capacities can be ‘attained by adding several

smaller-sized units in parallel. In addition to the 12 units described above,

additional 6 units using the 40 gallon accumulator were sized snd analyzed to

an

determine the effect of increased and decreased levels of pressure loss on the unit

cost and efficiency.
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Table B-2 shows the selected component sizes and costs for each unit

analyzed. Table B-3 shows the pressure losses for each unit at three flow rates.

Each of the 18 units are considered to be operating at design conditions so differ-

ent pumps are selected for each of the 18 units to supply the heads snd flows listed

on Table B-3. The cost and eff icien~ results are shown on Figure 6-1.

The following assumptions were made to prepare the results presented

in Tables B-2 and B-3.

1. The pumps are assumed to be operating at the peak efficiencies shown

on Figure B-8 when supplying the flow rates and heads listed on Table B-3.

2. The power supplied to solenoids and pneumatic controls is assumed ta

be negligible.

3. The motor efficiencies are assumed to be 80%.

4. The pump power inputs during the transient valve switching period

are assumed to be equal to the steady-state power inputs.

5. The transient time period is assumed to be short compared to the

cycle time. i

6. The volumetric efficiency is assumed to be 100%. As piston rings

and valve seats wear, leskage will reduce the flow work exchsnger effi-

ciency values according h Eq. (A-9).

Pressure losses in addition to those listed on Table B-3 may occur.

These will increase the required pump heads and equipment cost. Such additional

losses csn be caused by the following components.

1. Friction losses due to the piston seals or pressure losses due to the

stretching of a bladder during psrt of its cycle.

2. Pressure losses in the high pressure lines connecting the brine and

fedwater sides of the work exchanger unit to a reverse osmosis plsnt.

The connections may r~uire hundreds of feet of pipe snd thus involve

significant pressure losses.
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3. Pressure losses on the brine side of the reverse osmosis membrane

system.

Items 1 snd 2 will contribute to the head requirements for the pumps and

the cost of the required equipment. The effect of the added pressure loss should

be included in the flow work exchanger efficiency. Item 3 above will contribute

to the head requirements for the pumps and the pump cost. However, the work.

exchanger efficien~ should not be penalized for this reverse osmosis system loss.

Items 2 and 3 cannot be realistically included in the present snalysis without con-

sideration of the complete reverse osmosis system plant layout and operation.

This is beyond the scope of this project. However, Figure B-9 does show the

approximate effect of pressure losses on system efficiency and pump cost using

unit (3Ba) as a base. Cost of the additional piping can be determined from

Section B. 3.
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